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 Introduction 
 The 2-hydroxycarboxylate transporter (2HCT) family 
of secondary transporters contains 54 unique members 
that are all found in the bacterial kingdom. The charac-
terized members of the family are transporters for citrate, 
malate and lactate, substrates that contain the 2-hydroxy-
carboxylate motif, hence the name of the family. Like in 
other families of secondary transporters, the members of 
the 2HCT family represent different modes of energy 
coupling. The transporters are either H +  or Na +  symport-
ers or they catalyze exchange between two substrates. 
Well-studied members of the family are listed in  table 1 
(for a recent review, see Lolkema and Sobczak [2005]).
 The transporters of the 2HCT family function in ci-
trate and malate breakdown pathways, mostly under an-
aerobic conditions. The pathways are characterized by 
decarboxylation steps in which oxalate is converted to 
pyruvate and malate to pyruvate or lactate in the citrate 
and malate breakdown routes, respectively. Na + -coupled 
citrate transporters like CitS of  Klebsiella pneumoniae 
and CitC of  Salmonella enterica found in the   subdivi-
sion of the phylum Proteobacteria are involved in the fer-
mentative degradation of citrate to acetate and carbon 
dioxide yielding ATP. H + -coupled uptake of malate by 
MalP of  Streptococcus bovis in the phylum Firmicutes re-
sults initially in the formation of pyruvate and carbon 
dioxide. The exchangers MleP and CitP are involved in 
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 Abstract 
 The 2-hydroxycarboxylate transporter (2HCT) family is a 
family of bacterial secondary transporters for substrates like 
citrate, malate and lactate. The family is in class ST[3] of the 
MemGen classification system that groups membrane pro-
teins in structural classes based on hydropathy profile anal-
ysis. The combination of computational analysis of the pro-
teins in class ST[3] and available experimental data on 
members of the 2HCT family has yielded a detailed struc-
tural model of the transporters. The core of the model is 
formed by two homologous domains with opposite orien-
tation in the membrane. Each domain consists of 5  trans 
 membrane segments and contains a pore loop between the 
4th and 5th segment. The two pore loops enter the mem-
brane-embedded part from opposite sides of the mem-
brane ( trans pore loops) and are believed to form the trans-
location pathway in the 3D structure. A genome wide study 
of the cellular location of the C-terminus of all  Escherichia 
coli membrane proteins [Daley et al., 2005. Science 308: 
 1321–1323] showed that the C-termini of the 19  E. coli pro-
teins in class ST[3] were correctly predicted by the structur-
al model. 
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unique metabolic energy-generating pathways that are 
found in lactic acid bacteria in the phylum Firmicutes. 
The transporters are special in that they generate mem-
brane potential during turnover because of a charge dif-
ference between the two substrates. MleP couples the up-
take of divalent malate to the excretion of monovalent 
lactate. Lactate is produced inside the cell from the decar-
boxylation of malate by malolactic enzyme. The decar-
boxylation reaction consumes a cytoplasmic proton 
which results in alkalinization of the cytoplasm. Overall, 
the pathway that consists of only the exchanger and the 
decarboxylase generates proton motive force in the form 
of both a membrane potential and a pH gradient across 
the cytoplasmic membrane. Similarly, CitP generates 
membrane potential by exchanging divalent citrate for 
monovalent lactate. The pathway leading to the end prod-
uct lactate is more complex, involving more enzymes and 
interaction with the glycolytic pathway. Lactate is formed 
by reduction of pyruvate, the direct product of citrate me-
tabolism in lactic acid bacteria, using reduction equiva-
lents produced in glycolysis. Citrate is cleaved by citrate 
lyase yielding acetate and oxaloactetate, which is decar-
boxylated yielding pyruvate. The latter step results in the 
transmembrane pH gradient. The malolactic and citro-
lactic fermentation pathways as they are called function 
as indirect proton pumps. The pathways have important 
biotechnological implications in the dairy industries and 
in wine-making.
 Secondary transporters are widely distributed in na-
ture and they come in a great genetic and structural di-
versity, probably reflecting many different translocation 
mechanisms [Sobczak and Lolkema, 2005b]. The many 
transporter families listed in the Transporter Classifica-
tion (TC) system developed by the Saier laboratory [Saier, 
2000] require further classification to identify distant rel-
atives with similar folds and mechanisms. In the TC sys-
tem, families are grouped in superfamilies based on se-
quence analysis using randomizing techniques. We have 
classified families of membrane proteins in structural 
classes using hydropathy profile analysis [Lolkema and 
Slotboom, 1998, 2003]. Here we discuss the relation of the 
2HCT family to other families of secondary transporters 
in the MemGen structural classification system. Togeth-
er with a large body of experimental data, the analysis 
results in a detailed structural model for the transporters 
in the 2HCT family.
 MemGen Membrane Protein Classification 
 Hydropathy profiles of membrane proteins have been 
used extensively to predict the secondary structure of 
membrane proteins. The alternating regions of the poly-
peptide chain traversing the hydrophobic membrane and 
those residing in the hydrophilic water phase result in 
typical peak patterns in the hydropathy profile of the 
amino acid sequence that, in principal, allows for a simple 
prediction of the topology of the protein in the mem-
brane. The MemGen method takes the information con-
tent of hydropathy profiles one step further by assuming 
that a particular three-dimensional fold of a membrane 
protein produces a characteristic overall hydropathy pro-
file [Lolkema and Slotboom, 1998]. Then, similar hy-
dropathy profiles group proteins with similar structures 
which may be the result of divergent evolution of the pro-
teins in the group. The advantage over sequence analysis 
is that the structure of proteins is better conserved during 
evolution than the amino acid sequence of the proteins. 
It follows that, in principle, hydropathy profile analysis is 
able to detect more distant evolutionary relationships be-
tween proteins than sequence analysis.






CitS Klebsiella pneumoniae citrate Na+ symport citrate fermentation Dimroth and Thomer, 1986
CitC Salmonella typhimurium citrate Na+ symport citrate fermentation Ishiguro et al., 1992
CitW Klebsiella pneumoniae citrate, acetate exchange citrate fermentation Kästner et al., 2002
MleP Lactococcus lactis malate, lactate exchange malolactic fermentation Molenaar et al., 1993
CitP Leuconostoc mesenteroides citrate, lactate exchange citrolactic fermentation Marty-Teysset et al., 1995
CimH Bacillus subtilis citrate, malate H+ symport unknown Krom et al., 2001
MalP Streptococcus bovis malate H+ symport malate fermentation Kawai et al., 1997
MaeN Bacillus subtilis malate Na+ symport growth on malate Wei et al., 2000
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 The starting point for the MemGen classification 
scheme are membrane protein families that contain ho-
mologous proteins based on sequence similarity. Two lev-
els corresponding to evolutionary distance are discrimi-
nated. Subfamilies contain sequences that show signifi-
cant overall sequence identity in a multiple sequence 
alignment, and families that contain one or more sub-
families. Members in different subfamilies in a family 
show significant sequence identity in a local sequence 
alignment as produced by the BLAST algorithm [Altschul 
et al., 1997]. For more detailed criteria to discriminate 
families and subfamilies, see Lolkema and Slotboom 
[2003]. The multiple sequence alignments are used to 
produce averaged hydropathy profiles of the (sub)families 
(the ‘family profile’), and software has been developed to 
compare profiles of different families by computing the 
optimal alignment of the profiles [Lolkema and Slot-
boom, 1998]. A criterion for structural similarity is ob-
tained by comparing the difference between the aligned 
profiles with the average difference of the individual 
member profiles in the two families with the correspond-
ing family profile. It is argued that if the difference be-
tween two family profiles is in the same order as the dif-
ference between the member profiles and the average 
profiles, the family profiles might as well be members of 
each other’s families. Families with similar hydropathy 
profiles are grouped in structural classes that relate mem-
brane proteins that by sequence identity would be non-
homologous.
 Four structural classes of secondary transporters were 
identified and described in some detail using the Mem-
Gen method: ST[1], ST[2], ST[3], ST[4] in which ST is 
short for Secondary Transporter [Lolkema and Slotboom, 
1998, 2003, 2005]. ST[1] corresponds largely to the Major 
Facilitator Superfamily (MFS) [Saier et al., 1999] in the 
TC classification system. ST[2] contains among others 
the APC superfamily [Jack et al., 2000], the Na + - and Cl – -
dependent neurotransmitter transporters and the Na +  
glucose transporter family. ST[3] contains the anion 
transporter (IT) superfamily [Prakash et al., 2003], and, 
finally, ST[4] contains the glutamate transporter family 
[Slotboom et al., 1999a, b]. Recent crystal structures of 
secondary transporters have confirmed distinct struc-
tures for structural classes ST[1], ST[2] and ST[4] 
[Abramson et al., 2003; Huang et al., 2003; Yamashita et 
al., 2005; Yernool et al., 2004]. The goal of the MemGen 
classification is to extract all proteins that belong to one 
of the classes from the NCBI nr protein database which 
has been accomplished for structural classes ST[3] and 
ST[4] [Lolkema and Slotboom, 2003, 2005]. ST[3] groups 
67 subfamilies in 35 families and contains 3,538 unique 
proteins. ST[4] is much smaller containing 7 subfamilies 
in 2 families and 840 unique proteins.
 The MemGen classification is not a secondary struc-
ture prediction method per se. The method merely iden-
tifies families with a similar global fold without giving 
any details on that fold. However, as a consequence, struc-
tural information on the proteins in one of the families 
bears on all the proteins in the other families in the same 
structural class. The structural information may range 
from a crystal structure to a membrane topology model. 
The transporters of the 2HCT family in structural class 
ST[3] have been studied in detail resulting in a structural 
model and a proposal for a translocation mechanism (re-
viewed in Sobczak and Lolkema [2005a]). Using the op-
timal alignments of the family hydropathy profiles as a 
guide, the structural elements of the 2HCT model may be 
projected on the 35 other families in structural class ST[3] 
yielding structural models for these families together 
with a translocation mechanism.
 Structural Model of 2HCT Transporters 
 The transporters in the 2HCT family are integral 
membrane proteins consisting of about 440 amino acid 
residues. The structural model for the proteins that is de-
picted in  figure 1 represents a new fold that contains 
structural elements that are observed in known struc-
tures of other integral membrane proteins. The core of 
the structure is formed by two homologous domains that 
are connected by a large hydrophilic loop that resides in 
the cytoplasm. Sequence identity between the two do-
mains is below the level of detection. The domains con-
tain 5 transmembrane segments (TMSs) each and they 
have opposite orientations in the membrane. Homolo-
gous domains with inverted topologies are becoming a 
common structural motif in membrane proteins and are 
also observed in the crystal structures of aquaporin [Fu 
et al., 2000; Murata et al., 2000], the ammonium trans-
porter AmtB [Khademi et al., 2004], the Na + /H +  anti-
porter NhaA [Hunte et al., 2005] and the leucine trans-
porter LeuT [Yamashita et al., 2005]. They are likely to 
originate from a duplication of an internal gene fragment 
coding for an odd number of TMSs. The same structural 
motif may also be formed in multimeric proteins, either 
as homodimers or heterodimers in which the two sub-
units are homologous proteins [Rapp et al., 2006; Bowie, 
2006; Pornillos and Chang, 2006]. With separate sub-
units, the number of TMSs in each subunit may be odd 
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or even. An example of the latter would be the drug trans-
porter EmrE that forms a homodimer with inverted to-
pology with 4 TMSs per subunit [Pornillos et al., 2005]. 
In the structural model of the transporters in the 2HCT 
family, the loops between the 4th and 5th TMSs in each 
domain fold back in between the TMSs and form so-
called re-entrant or pore loops. The pore loop in the N-
terminal domain (region VB) enters the membrane-em-
bedded part from the periplasmic side of the membrane, 
the one in the C-terminal domain (region XA) from the 
cytoplasmic side ( trans pore loops). The two re-entrant 
loops are believed to be in close vicinity in the 3D struc-
ture and to form the translocation pathway for co-ions 
and substrates. The binding site is believed to be posi-
tioned at the membrane-cytoplasm interface where an 
arginine residue interacts directly with the bound sub-
strate. Pore loops are well-known structures in channel 
proteins but are also observed in the crystal structure of 
a glutamate transporter homologue of  Pyrococcus horiko-
shi [Yernool et al., 2004]. The two domains form the core 
of the structure of the transporters in the different fami-
lies of ST[3] and are likely to be the minimal catalytic 
unit. Different families may have additional TMSs at the 
N- or C-termini or in between the two domains. The 
transporters of the 2HCT family have one additional 
TMS at the N-terminus locating the latter in the cyto-
plasm.
 E. coli Membrane Proteome: Membrane Topology 
Prediction of ST[3] Proteins 
 Between 20 and 25% of the genes in the  E. coli genome 
code for membrane proteins. In a major effort, the group 
of von Heijne [1999] determined experimentally the cel-
lular disposition of the C-terminus of a significant part 
of the  E. coli integral membrane proteins [Daley et al., 
2005]. In doing so, they generated an invaluable experi-
mental dataset for the validation of membrane topology 
prediction methods. The cellular location of the C-ter-
mini was determined using the reporter gene fusion tech-
nique. Alkaline phosphatase (PhoA fusions) and green 
fluorescent protein (GFP fusions) were fused to the C-
termini as positive reporters of a periplasmic and cyto-
plasmic location, respectively. By using the double re-
porter technique, the C-terminal location of 502 of the 
665 cloned proteins could be determined with high fidel-
ity.
 TMHMM is widely used for secondary structure pre-
diction of membrane proteins [Krogh et al., 2001]. The 
method is based on a Hidden Markov Model and per-
forms well relative to other predictors [Cuthbertson et al., 
2005]. Accordingly, TMHMM predicted the cellular lo-
cation of the C-terminus of 78% of the  E. coli membrane 
proteins in the experimental set correctly ( fig. 2 ). Struc-
tural class ST[3] in the MemGen classification contains 
40 transporters from  E. coli , 26 of which are found in the 
Colibri database that was the starting point for the selec-
tion of the inner membrane proteome of  E. coli . The re-
maining 14 transporters are either found exclusively in 
different strains or are plasmid encoded. A C-terminal 
location was obtained for 19 of the 26 proteins ( table 2 ). 
The 19 proteins cover 7 different families in class ST[3], 
the 2HCT family not being one of them. Remarkably, 
TMHMM scores very poorly for this subset of proteins. 
The C-terminus was predicted correctly for only 8 of the 
19 proteins (42%), which is as good (or actually as bad) as 
flipping a coin. In contrast, the prediction made by the 
MemGen classification using the structural model of the 
transporters in the 2HCT family as the basis, predicts the 
C-terminal location of this set 100% correctly ( fig. 2 a). 
The proteins in the subset are all in the   20% of the 
membrane proteins that have the C-terminus in the peri-
plasm, which is a characteristic feature of the ST[3] trans-
porters ( fig. 1 ).
 The authors of the  E. coli  inner membrane proteomic 
study promote the idea that prediction methods may im-
prove considerably when a site in the protein (i.e., the C-
terminus) is locked in the periplasm or cytoplasm. This 
 Fig. 1. Structural model for the transporters of the 2HCT family. 
Boxes represent transmembrane segments. The two homologous 
domains were indicated in dashed boxes. VB and XA indicate the 
pore-loop structures and AH an amphipathic surface helix. The 
putative substrate-binding site in between TMSs X and XI (oval), 
the conserved arginine residue in TMS XI ( I ) and the two cyste-
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will be the case when the algorithm has difficulties to de-
cide upon the orientation of the protein in the membrane 
as a whole because of a ‘weak’ positive-inside rule. In the 
subset of 19 proteins, constraining the C-terminus in the 
periplasm in TMHMM, resulted for only 3 proteins in the 
same membrane topology model as predicted by Mem-
Gen ( fig. 2 b). Clearly, both methods produce basically 
different topology models with different numbers of 
TMSs. TMHMM does not recognize pore-loop struc-
tures, and the corresponding regions in the sequences are 
often interpreted as being transmembrane (see also Cuth-
bertson et al. [2005]). It follows that while the overall per-
formance of TMHMM is quite good, it fails for certain 
classes of membrane proteins. For one of these classes, 
the ST[3] proteins, the prediction based on the MemGen 
protein classification results in the correct localization of 
the C-termini for the ST[3] proteins. Identifying such 
classes and excluding them from the analysis by TMHMM 
will significantly improve the fidelity of the prediction 
for the remainder of the membrane proteome.
 Pore-Loop Structures in the 2HCT Transporters 
 Experimental evidence for the pore-loop structures in 
the structural model of the transporters in the 2HCT 
family comes from studies of loop XA in between TMSs 
X and XI ( fig. 1 ) in the Na + -citrate transporter CitS of 
 K. pneumoniae and the H + -citrate/malate transporter 
CimH of  Bacillus subtilis . In the absence of a 3D crystal 
structure, pore loops in membrane proteins are detected 
by accessibility studies of cysteine residues by thiol re-
agents with different physicochemical properties. The re-
agents differ mainly in molecular size and in membrane 
permeability. The former allow for the detection of cys-
teine residues in space-restricted but water-accessible 
cavities of the protein, while the latter allow for the acces-
sibility of a residue from one particular side of the mem-
brane. Clearly, as pore-loop structures fold back in be-
tween the TMSs, their accessibility from the water phase 
is likely to be restricted, and, since they are believed to be 
part of the translocation site, they may be accessible from 
both sides of the membrane in different states of the cat-
alytic cycle. Using this approach, two pore-loop struc-
tures were identified in transporters of the glutamate 
transporter family, findings that were later confirmed by 
the crystal structure of one of the members [Grunewald 
et al., 1998; Slotboom et al., 1999a, b; Grunewald and 
Kanner, 2000; Yernool et al., 2004].
 Loop XA in CitS of  K. pneumoniae contains two cys-
teine residues, the accessibility of which was investigated 
in single Cys constructs of the transporter [Sobczak and 
Lolkema, 2003, 2004]. A bulky, membrane-impermeable 
thiol reagent could only access the thiols from the cyto-
plasmic side of the membrane, while small membrane-
impermeable thiol reagents with sizes similar to the ci-
trate molecule could access the thiols from both sides of 
the membrane. The experiments demonstrated that an 
access pathway exists for small molecules from the peri-
plasmic side of the membrane to the cysteine residues in 
the putative cytoplasmic loop. Similar observations were 
made for two engineered cysteine residues in loop XA of 
CimH of  B. subtilis [Krom and Lolkema, 2003]. Func-
tional importance of the pore loop in the XA region fol-
lowed first of all from the inactivation of the transporters 
upon modifying the cysteine residues. Additional data 
linked the accessibility of the cysteine residues directly to 
the catalytic state of the transporters. Binding of sub-
strate to the transporter affected the accessibility of the 
cysteine residues differently when attacked from the peri-
plasmic or cytoplasmic side of the membrane. In the case 
of CitS, where the transporter can be locked in the binary 
 Fig. 2. Secondary structure prediction by TMHMM and Mem-
Gen.  a Percentage of correctly predicted C-terminal locations by 
TMHMM and MemGen for a subset of 19  E. coli membrane pro-
teins found in structural class ST[3] of the MemGen classification 
(shaded). The experimental data was taken from Daley et al. 
[2005]. The score for TMHMM on the whole set of  E. coli mem-
brane proteins was also indicated.  b Pie graph showing the com-
parison of the overall membrane topology of the 19 proteins pre-
dicted by MemGen and by TMHMM with constraint C-termini 
(http://www.sbc.su.se/  melen/TMHMMfix/). 
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enzyme:substrate complex in the absence of the co-ion 
Na + , binding of citrate from the periplasmic or cytoplas-
mic side of the membrane resulted in different catalytic 
states with different accessibilities of the thiols in the pore 
loop. Similarly, binding of the co-ion Na +  protected the 
thiols from the periplasmic side, while the accessibility 
was only reduced from the cytoplasmic side of the mem-
brane. The data are consistent with a model where the XA 
region folds in a pore between the transmembrane helices 
with the cysteine residues accessible from the periplasm 
for reagents that are small enough to enter the pore. Sub-
strate would bind at a position in the pore in between the 
cysteine residues and the cytoplasmic side of the mem-
brane ( fig. 1 ). A position of the binding site at the inter-
face of the membrane and cytoplasm is supported by the 
position of an arginine residue in TMS XI that was dem-
onstrated to interact directly with the bound substrates 
[Bandell and Lolkema, 2000].
 Domain Structure of the 2HCT Transporters 
 The domain structure in the structural model of the 
transporters in the 2HCT family is based on sequence 
analysis of N- and C-terminal parts of the transporters in 
structural class ST[3]. The family hydropathy profiles of 
many families in structural class ST[3] are characterized 
by two hydrophobic regions separated by a central hydro-
philic region suggesting that the transporters consist of 
two membrane-embedded domains connected by a large 
loop. Moreover, the N-terminal half of one subfamily in 
the NHAC transporter family in ST[3] showed signifi-
cant sequence identity with the C-terminal half of an-
other subfamily, suggesting that the two domains might 
be homologous domains [Lolkema and Slotboom, 2003]. 
Sequence identity between the N- and C-terminal halves 
of the proteins in ST[3] was demonstrated by blasting 
[Altschul et al., 1997] each half sequence against a data-
base containing all the N- and C-terminal half sequences 
[Lolkema et al., 2005]. Analysis showed that a significant-
Table 2. Experimental topological determinants of ST[3] proteins
MemGen/ST[3]a Colibrib C-terminus Topology
family subfamily protein experimentc TMHMMd MemGen TMHMMfixe MemGen
[st302]ArsB ArsB1 ARSBecol arsB out in out 7/5f 5/5f
ArsB3 YBIRecol ybiR out out out 4/5 4/5
[st303]AIT AIT1 YGJEecol ygjE out in out 7/6 6/5
AIT1 YBHIecol ybhI out out out 8/7 6/5
AIT3 YFBSecol yfbS out in out 6/4 5/5
[st304]GNT GNT1 GNTPecol gntP out in out 5/5 5/5
GNT1 YGBNecol ygbN out in out 5/5 5/5
GNT1 IDNTecol idnT out in out 5/6 5/5
GNT1 YJHFecol yjhF out in out 6/5 5/5
GNT1 CAD42064ecol dsdX out out out 6/6 5/5
GNT1 GNTUecol gntU out in out 6/5 5/5
GNT1 AAA58213ecol gntT out in out 6/4 5/5
[st305]DCUA DCUA1 AAA23826ecol dcuB out out out 5/6 5/5
[st309]DCUC DCUC1 DCUCecol dcuC out out out 6/6 5/5
DCUDecol yhcL out in out 6/6 5/5
[st310]ATO ATO1 ATOEecol atoE out in out 5/5 4/5
[st324]GLTS GLTS1 GLTSecol gltS out in out 3/5 5/5
[st325]2HMCT 2HMCT1 YGHKecol yghK out out out 7/6 5/2/5
LLDPecol lldP out out out 7/5 5/2/5
a http://molmic35.biol.rug.nl/
b http://genolist.pasteur.fr/Colibri/
c Daley et al., 2005.
d http://www.cbs.dtu.dk/services/TMHMM/
e http://www.sbc.su.se/melen/TMHMMfix/
f Number of transmembrane segments in front of and following the central hydrophilic region in the hydropathy profiles.
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ly higher percentage of hits was observed between the N- 
and C-terminal halves of ST[3] than was observed be-
tween both halves and half sequences from unrelated 
families from structural classes ST[1], ST[2] and ST[4] 
that were also included in the database. In agreement, se-
quence homology between the first and second halves of 
transporters in four families of the IT superfamily, which 
is part of ST[3], was identified using a different approach 
[Prakash et al., 2003]. Local alignments between the lon-
gest fragments from the N- and C-terminal halves of 
ST[3] sequences showed that the homology involved the 
complete membrane-embedded parts. Subsequently, 
alignment of the averaged hydropathy profiles of these 
membrane-embedded parts and the family profile of the 
2HCT family showed that the two homologous domains 
comprise TMSs II–VI and TMSs VII–XI. The odd num-
ber of TMSs in each domain forces the orientation of the 
two domains in the membrane to be opposite; the N-ter-
minus of the N-terminal and C-terminal domains resides 
in the periplasm and cytoplasm, respectively ( fig. 1 ). A 
second important implication of the two domain struc-
ture would be that the pore loop in cytoplasmic loop XA 
has its counterpart in periplasmic loop VB in between 
TMSs V and VI in the N-terminal domain. This finding 
resolved an old issue concerning the membrane topology 
of CitS of  K. pneumoniae . Region VB in the sequence of 
CitS was one of the 12 hydrophobic regions that was pre-
dicted to be transmembrane, which, subsequently, was 
falsified by experiment. Different experimental ap-
proaches showed that the hydrophobic region was ex-
ported to the periplasm during biogenesis [van Geest and 
Lolkema, 1996]. Both putative pore loops in the ST[3] 
transporters are quite hydrophobic, in line with their dis-
position in between the TMSs. The pore loops contain an 
extraordinarily high fraction of residues with small side 
chains (glycine, serine, alanine) which may reflect a com-
pact packing of the loops in between the TMSs. The re-
gions containing the pore loops are among the best con-
served regions in the transporter families in ST[3] which 
emphasizes their role in the transport mechanism.
 Conclusion 
 The combination of experimental work and bioinfor-
matics approaches has resulted in a detailed structural 
model for the transporters of the 2HCT family. Experi-
ments have demonstrated the presence of 11  trans  mem-
brane segments, an amphipathic surface helix in between 
TMSs VIII and IX and a pore-loop structure between 
TMSs X and XI. Bioinformatics has identified the do-
main structure of the proteins and, as a consequence, the 
pore loop in between TMSs V and VI. How the proposed 
structure catalyzes translocation of substrates and co-
ions is a matter of speculation, but together with a lot of 
additional experimental data, a mechanism can be hy-
pothesized in which the two pore loops and the adjacent 
TMSs form the translocation site. The two pore loops 
would be in close contact in the 3D structure in a single 
pore that alternately would be opened to either side of the 
membrane during the catalytic cycle. The substrate-bind-
ing site is located at the membrane-cytoplasmic interface, 
which positions it deep down in the pore when opened to 
the external face of the membrane. The cytoplasmic pore 
loop (XA) extends into the pore beyond the binding site, 
making cysteine residues in the loop accessible from the 
periplasmic side even when substrate is bound. Opening 
and closing of the pore to either site of the membrane 
would be controlled by binding of the substrate and co-
ions. The accessibility of cysteine residues in the cyto-
plasmic pore loop was shown to be different in different 
catalytic states of the transporter by experiment [Sobczak 
and Lolkema, 2003, 2004].
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